SUMMARY
Huntingtin is the protein mutated in Huntington's disease, a devastating neurodegenerative disorder. We demonstrate here that huntingtin is essential to control mitosis. Huntingtin is localized at spindle poles during mitosis. RNAi-mediated silencing of huntingtin in cells disrupts spindle orientation by mislocalizing the p150
Glued subunit of dynactin, dynein, and the large nuclear mitotic apparatus NuMA protein. This leads to increased apoptosis following mitosis of adherent cells in vitro. In vivo inactivation of huntingtin by RNAi or by ablation of the Hdh gene affects spindle orientation and cell fate of cortical progenitors of the ventricular zone in mouse embryos. This function is conserved in Drosophila, the specific disruption of Drosophila huntingtin in neuroblast precursors leading to spindle misorientation. Moreover, Drosophila huntingtin restores spindle misorientation in mammalian cells. These findings reveal an unexpected role for huntingtin in dividing cells, with potential important implications in health and disease.
INTRODUCTION
Mutation of huntingtin (htt) causes Huntington's disease (HD), a neurodegenerative disorder characterized by severe psychiatric, cognitive, and motor deficits and selective neuronal death in the brain. The mechanisms leading to disease are not fully understood, but increasing evidence suggest that in addition to the gain of new toxic properties, loss of wild-type htt function also contributes to pathogenesis (Borrell-Pages et al., 2006; Cattaneo et al., 2005) . Given the predominant neurological signs and striking neuronal death in HD, most studies on htt function have focused on postmitotic neurons and have revealed major roles for htt in transcription and axonal transport (Caviston et al., 2007; Gauthier et al., 2004; Zuccato et al., 2001 ). Wildtype htt interacts with microtubules, the dynein/dynactin complex and kinesin to regulate the microtubule-dependent transport of organelles in neurons (Caviston et al., 2007; Colin et al., 2008; Gauthier et al., 2004; McGuire et al., 2006) . However, no studies have investigated the possible role of htt during division. Indeed, htt is not restricted to differentiated neurons but is found at high levels in dividing cells where it associates to the centrosomal region and microtubules (Gauthier et al., 2004; Gutekunst et al., 1995; Hoffner et al., 2002; Sathasivam et al., 2001 ).
Spindle regulation is crucial to ensure the proper segregation not only of chromosomes, but also of cell fate determinant factors. The orientation of the mitotic spindle involves several steps, including the proper assembly and positioning of the spindle. These two steps are controlled by various molecular components. Among them, the dynein/dynactin complex ensures the correct spindle formation and, when anchored at the cell cortex, also generates pulling forces that are essential for proper cell division (Busson et al., 1998; Carminati and Stearns, 1997; Farkasovsky and Kuntzel, 2001; Nguyen-Ngoc et al., 2007; O'Connell and Wang, 2000; Skop and White, 1998) . During mitosis, dynein and dynactin localize along spindle microtubules with an enrichment at spindle poles (Fant et al., 2004) . This location at the spindle pole is linked to the dynein's ability to move toward the minus ends of microtubules. The dynein/dynactin complex is thought to focus microtubule minus ends at the spindle poles. In agreement with this idea, disrupting the dynein/dynactin complex by the use of specific antibodies alters spindle assembly (Merdes et al., 2000) . Similarly, expressing the p50/dynamitin subunit of dynactin prevents the formation of a functional dynactin complex and subsequently impairs mitotic spindle morphology (Echeverri et al., 1996; Merdes et al., 2000) . Finally, dynactin is required for spindle assembly in Drosophila neuroblasts (Siller et al., 2005) . These data implicate dynein/ dynactin as a central player in spindle pole organization.
Htt facilitates the dynein/dynactin-mediated transport of organelles along microtubules in neuronal cells. We thus investigated whether htt could also function during mitosis. We found that htt localized to the spindle poles during mitosis, from prophase to anaphase. The downregulation of htt led to a defect in spindle orientation reminiscent of the phenotype obtained from the silencing of p150
Glued subunit of dynactin. We showed that siRNA targeting htt mislocalized p150
Glued
, dynein, and the large nuclear mitotic apparatus (NuMA) protein, an essential player in mitotic assembly and maintenance (Radulescu and Cleveland, 2010) . Furthermore, htt was required for proper spindle orientation and for cell fate determination of murine neuronal progenitors in vivo. Finally, this role of htt was conserved in Drosophila. Our study now establishes a link between htt, proper spindle orientation, and neurogenesis in mammals.
RESULTS

Huntingtin Localizes to Spindle Poles during Mitosis
We analyzed the subcellular localization of htt in mouse neuronal cells using various antibodies (Trettel et al., 2000) ( Figure 1A ). We first used a polyclonal antibody, pAb SE3619. During interphase, htt showed a punctuated distribution in the nucleus, reminiscent of stainings previously described using other anti-htt antibodies (Anne et al., 2007; Kegel et al., 2002) (Figure 1B ). During mitosis, htt was specifically located at the spindle poles, between prophase to late anaphase. Htt staining was also observed at the spindle midzone during anaphase ( Figure 1B) .
We then checked the specificity of the htt antibody by transfecting cells with small interfering RNAs (siRNA) directed against htt (si-htt1). This treatment led to a selective, and statistically significant, reduction of signal intensity at the spindle pole ( Figures 1B-1D ). We further confirmed the subcellular localization of htt using several other anti-htt antibodies directed against various epitopes of the htt protein (Lunkes et al., 2002) ( Figures  1A, 1E , and S1). These antibodies showed htt to be concentrated at the spindle poles particularly during metaphase, consistent with our observations using the pAb SE3619 ( Figures 1E and S1 ).
Huntingtin Modulates Mitotic Spindle Orientation
We next investigated the putative function of htt at spindle poles. We transfected neuronal cells with scramble siRNA or si-htt1 targeting the mouse htt sequence. We immunostained cells with an antibody against g-tubulin to analyze in Z-series stacks the position of the spindle poles with respect to the substratum plane (Figures 2A and 2C) . In control cells, the majority of the spindles were properly oriented parallel to the substratum plane ($75%, n = 66) ( Figure S2A ). In contrast, in 53% of htt depleted cells (n = 89) the spindle was not correctly aligned (more than nine stacks of 0.2 mm between the two poles, DZ > 1.8 mm). Spindle misorientation was then measured during metaphase by determining the angle between the pole-pole axis (axis of the metaphase spindle) and the substratum plane ( Figure 2D ). Whereas control cells show an angle mostly smaller than 10 (7.9 ± 1.3, n = 42), the average angle in si-htt1-transfected cells was significantly higher (20.4 ± 3.8, n = 48), indicating aberrant spindle orientation relative to the substratum ( Figure 2E , right graph). Spindle misorientation was also supported by the fact that the proportion of cells showing a relative distribution of spindle angles under 10 was markedly lower among si-htt1-transfected cells (30%) than among control cells (70%). A significant proportion (48%) of htt-depleted cells had spindle angles greater than 20 ( Figure 2E ). No correlation between spindle angles and cell area in metaphase was observed ( Figure S2B ), indicating that the changes in the spindle angle do not result from changes in cell dimensions. To confirm these results, we reduced htt levels using si-htt2 whose target sequence is located in the C terminus ( Figures 1A, 2B , and 2C). Similar results showing a misoriented spindle when downregulating htt were obtained ( Figure 2F ). Next we introduced an N-terminal 1301 amino acid fragment of htt ( Figures 2B, 2C , and 2F) (Anne et al., 2007) . The si-htt2 targeted the endogenous mouse htt and had no effect on the expression of htt-1301 fragment ( Figure 2B ). This N-terminal fragment restored the spindle orientation defect observed with si-htt2 to the control situation (Figures 2C and 2F) . Thus loss of htt leads to spindle misorientation and the htt-1301 fragment recapitulates the function of htt during mitotic spindle orientation.
Given that htt is also expressed in nonneuronal cells (Tao and Tartakoff, 2001) , we tested the possibility that the function of htt in spindle orientation extended to other cell types. We analyzed the role of htt in HeLa cells, which have been widely used to study different aspects of mitosis ( Figures S2C-S2F ). Htt levels were similar in HeLa and in neuronal cells (data not shown). Htt was concentrated at the spindle poles during mitosis ( Figure S2C ). Depletion of htt by RNA interference induced a statistically significant increased percentage of HeLa cells with misorientated spindles during mitosis (more than nine stacks of 0.2 mm between the two poles, DZ > 1.8 mm) ( Figures  S2D-S2F ) as in neuronal cells (Figure 2 ; Figure S2A ). These findings suggest that htt ubiquitously regulates spindle orientation.
Huntingtin Is Required for the Recruitment of Dynein/ Dynactin and NuMA to the Spindle and for Its Positioning What are the underlying mechanisms by which htt monitors spindle orientation? We performed immunostainings for a-tubulin to analyze the morphology of mitotic spindles and astral microtubules. The general morphology of the spindle and asters emerging from the poles were comparable in httdepleted and control mouse neuronal cells ( Figure 3A) . However, si-htt1-treated cells exhibited smaller spindles ( Figures 3A and  3B ). The smaller spindles were correlated to the smaller size of these cells ( Figure 3C ). As mitotic spindle and the formation of asters are dynamic microtubule-based structures, we depolymerized microtubules with nocodazole and followed microtubule regrowth after washout of the drug in si-htt1 and scramble RNAtreated neuronal cells. Microtubules regrowth was allowed for 4, 8, 12, and 18 min (t = 0 and t = 12 min are shown in Figure 3D ). The nucleation at these different time points was similar in both conditions ( Figure 3D and data not shown). Further, the speed of microtubule plus-end binding protein 3 fused to GFP (EB3-GFP) comets was similar in si-htt1 and scramble-treated cells (si-htt1: 0.23 ± 0.11 mm/s, n = 18; scramble: 0.24 ± 0.14 mm/s, n = 17; mean ± SEM). In conclusion, depletion of htt leads to smaller mitotic spindle without affecting microtubule nucleation and growth.
The p150
Glued subunit of dynactin associates with cytoplasmic dynein to regulate spindle orientation (Carminati and Stearns, 1997; Moore et al., 2008; Siller et al., 2005; Skop and White, 1998) . Htt forms a complex with dynein/dynactin to stimulate axonal transport in neurons (Gauthier et al., 2004) . NuMA is another essential component in mitotic spindle pole formation (Merdes et al., 1996; Radulescu and Cleveland, 2010) , which was reported to interact with htt by yeast two-hybrid screening (Kaltenbach et al., 2007) . We first compared the phenotype observed in htt-depleted cells to that induced by the silencing of p150
Glued (Figure 2A ). Spindle misorientation was observed to similar extends after silencing either htt or p150
Glued with an increase in the average spindle angle and distribution ( Figures  2C-2E ). As with htt depletion, in p150 Glued -depleted cells, no correlation between spindle angles and cell area in metaphase was observed, while the spindle length was reduced ( Figures  3B, 3C , 4B, and S2B). We also investigated whether the depletion of htt affects the distribution of p150
Glued . Consistent with previous studies, p150
Glued was observed at the spindle poles and at the spindle during mitosis ( Figure 4A ) (Busson et al., 1998). The depletion of htt resulted in partial mislocalization of p150 Glued from the spindle poles ( Figures 4A and 4E) . Conversely, the silencing of p150
Glued induced a significant increase in the level of htt at spindle poles (Figures 4B and 4F) , demonstrating interplay between these two proteins. We next evaluated the effect of depleting htt on dynein and NuMA localizations. Dynein and NuMA were enriched at the spindle poles in metaphase cells with NuMA showing a typical crescent shape pattern ( Figures 4C and 4D ). When htt was depleted, these proteins were dispersed around the spindles poles. Glued RNAs (E) and (F) with scramble, si-htt2, scramble + YFP-htt-1301, and si-htt2 + YFP-htt-1301. All graphs ***p < 0.001. Error bars, SEM.
Finally, we investigated the dynamic positioning of the spindle by video-recording dividing HeLa cells stably expressing fluorescent core histone 2B (cherry) and a-tubulin (GFP) treated with scramble or si-Huhtt RNAs (Steigemann et al., 2009 ) ( Figure 4I and Movie S1). The duration of mitosis was similar in HeLa cells treated with si-Huhtt or scramble RNAs (si-Huhtt: 32.44 ± 1.73 min, n = 18; scramble: 33.17 ± 2.33 min, n = 8; mean ± SEM). Once reaching anaphase, the angles between the pole-pole axis and the substratum plane were retrospectively calculated each minutes and represented as a function of time ( Figure 4J ). In HeLa cells treated with si-Huhtt, the mitotic spindle angle to the substratum plane was more variable during mitosis compared with the control. Calculation of the amplitude of spindle angle also revealed a difference between both conditions ( Figure 4K ) with the spindle pole showing more oscillations before finding its final position in htt-depleted cells. Taken together, these observations suggest that htt controls spindle orientation by ensuring the proper localization of several key components of the spindle and, as a consequence, the positioning of the spindle.
Huntingtin Regulates the Orientation of the Plane of Cell Division
To investigate the consequences of htt regulation of spindle orientation in cultured adherent cells, we performed time-lapse recordings of dividing mouse neuronal cells. As previously described for other cells (Toyoshima and Nishida, 2007) , we observed two types of cell division: cells that divide in and cells that divide outside the plane of the substratum ( Figure 5A ). Forty-eight hours posttransfection, cells were video-recorded for 20 hr, and the time-lapse sequences were analyzed to determine the frequency of each type of cell division. Most of the divisions occur in the plane of the substratum ( Figure 5A ). However, consistent with the role of htt in the proper orientation of the spindle, we observed a higher number of cells dividing outside the substratum plane in si-htt1-transfected cells than in scramble-transfected cells ( Figure 5B ).
In cell culture, impairment of cell division relative to the substratum plane can promote cell death through detachmentinduced apoptosis. We found an increased rate of postmitotic cell death when htt was silenced ( Figure 5C ). Mitotic index showed no significant difference between cells treated with si-htt1 and scramble RNAs ( Figure 5D ). We also analyzed the distribution of cells across mitotic phases based on chromosome configurations. As previously described, disturbing dynactin resulted in a prometaphase arrest ( Figure 5E ) (Echeverri et al., 1996) . However, si-htt1-treated cells were distributed across all mitotic phases showing no difference with the control situation. Consistent with this, the duration of the mitosis was the same in si-htt1 and scramble conditions ( Figure 4I ). These data suggest that htt controls the plane of division of mitotic cells without affecting their progression through the cell cycle. cell layers organized in an inside-out manner (Gonczy, 2008; Knoblich, 2008; Siller and Doe, 2009 ). To address whether htt controls mitosis in vivo, we carried out in utero electroporation-based transfection of cortical progenitors from E14.5 mouse embryos with GFP-expressing vectors and scramble or si-htt1 RNA. Two days after electroporation, we analyzed mitotic cleavage planes in GFP-expressing cortical progenitors, by measuring the angle between a line segregating the daughter chromosomes and the surface of the VZ, also named apical surface ( Figures 6A-6C ). This method allows us to predict the cleavage furrow position based on chromatin staining (Konno et al., 2008 Figure S3A ). As expected (Farkas and Huttner, 2008; Konno et al., 2008) , the majority of GFP-labeled dividing cells displayed vertical cleavage planes ( Figure S3B ). In comparison, a smaller percentage of dividing progenitors transfected with si-htt1 exhibited vertical cleavage planes. To confirm the absence of any off target effects, we performed the same experiment with si-htt2 ( Figures 6B, 6C, (Gonczy, 2008; Knoblich, 2008; Siller and Doe, 2009) . A second type of progenitors, the basal progenitors, is generated from apical progenitors, divides away from the VZ and generates neurons. The cleavage plane of dividing progenitors may regulate cell fate of daughter cells (Gauthier-Fisher et al., 2009; Marzesco et al., 2009 ). Thus, spindle misorientation that results from the silencing of htt in apical progenitors could impair such process. We electroporated apical progenitors from E14.5 mouse embryos with Glued RNAs in each phase of cell cycle.
All graphs ns: not significant, *p < 0.05, **p < 0.01 and ***p < 0.001. Error bars, SEM.
GFP-expressing vectors and a scramble or si-htt1 RNA. Intraperitoneal injections of BrdU were performed 1 day later to follow the fate of cycling progenitors. BrdU and GFP-labeled cells were then analyzed at E16.5 by immunohistochemistry using progenitor cells (Nestin, Pax6, Tbr2) and neuronal (Tuj1) markers ( Figures 6D-6I Figures 6D-6G ). The decrease in cycling progenitors was not associated with an increased cell death as determined by a cleaved caspase 3 staining ( Figure S3D ). Instead, we observed a strong increase in the proportion of newborn postmitotic neurons with 39.1% of BrdU-and GFP-labeled cells also positive for Tuj1 in si-htt1-electroporated cells, as compared with 19.9% in the scrambleelectroporated cells ( Figures 6H and 6I ). We also determined the proportion of BrdU-and GFP-labeled cells in different layers of the E16.5 cortical coronal sections ( Figure S3E ). There was no difference between the scramble RNA and the si-htt1 situations suggesting that htt depletion does not interfere with neuronal migration. In summary, loss of htt expression in cortical progenitors favors their neuronal differentiation at the expense of their proliferation and maintenance in the VZ.
Inactivation of the Mouse Huntingtin Gene in Nestin Cell Lineages Alters Cell Division and Cell Fate of Cortical Progenitors
To unequivocally address the role of htt in the control of spindle orientation of mouse progenitors, we inactivated the mouse Hdh gene in Nestin cell lineages. Nestin-Cre/+ mice (Tronche et al., 1999) were crossed with Hdh+/À mice (Zeitlin et al., 1995) and double heterozygous Nestin-Cre/+; Hdh+/À males were then crossed with Hdhflox/flox females (Dragatsis et al., 2000) . We then analyzed spindle orientation of dividing apical progenitors in E14.5 wild-type and Nestin-Cre/+;Hdhflox/-mouse embryos by measuring the cleavage plane orientation as before ( Figures  7A-7C ). In wild-type embryos, 65.1% of the progenitors divided with angles of the mitotic cleavage plane ranging from 72 to 90
( Figure 7C ). In contrast, the lack of htt expression in Nestin cells resulted in 48.0% of progenitors displaying angles above 72 while an increased proportion had angles below 54 (27.4% versus 13.1% in wild-type progenitors). When classifying the progenitors according to their cleavage planes ( Figure S3A ), we observed less vertical cleavage plane in dividing progenitors in Nestin-Cre/+;Hdhflox/-embryos compared with the wild-type embryos ( Figure S3C ). Thus, knock-down of htt in Nestin progenitors increases the proportion of progenitors with a misalignment of the cleavage planes relative to the apical surface. This recapitulates the phenotype observed after acute depletion of htt in cortical progenitors using in utero electroporation .
To investigate the consequences of the lack of htt on neuronal differentiation of cortical progenitors, we performed intraperitoneal injections of BrdU at E13.5. Wild-type and Nestin-Cre/+;Hdhflox/-brains were then analyzed by immunohistochemistry using antibodies against BrdU and markers of progenitor cells (Pax6 and Tbr2) at E14.5 ( Figures 7D  and 7E ) or markers of postmitotic neurons (Tbr1 and NeuN) at E18.5 (Figures 7F) . The pool of cycling apical (BrdU+/Pax6+ cells: 45.3% versus 60.9% in control) ( Figures 7D and 7G) (Figures 7F, 7I, and 7J ). These effects were not accompanied by an increased cell death or migration defects (data not shown).
Collectively, our results demonstrate that htt ensures proper spindle orientation and controls the fate of progenitors in the developing mouse neocortex.
Drosophila melanogaster Huntingtin Regulates Spindle Orientation in Larval Neuroblasts
To further establish the role of htt in spindle orientation, we analyzed the function of htt in D. melanogaster neuroblasts, the neuronal precursors of the central nervous system. Their mode of division is a well-studied model for investigating the molecular mechanisms involved in asymmetric cell division (Knoblich, 2008) . Neuroblasts have apical/basal polarity and they align their mitotic spindle with this axis giving rise to a larger apical cell, which divides in a stem cell-like way, and to a smaller basal cell (ganglion mother cell, GMC), which divides only once more to ultimately generate differentiated neurons. This process involves the differential sorting of several proteins to the apical neuroblast (such as atypical protein kinase C, aPKC) and to the basal daughter cells (such as Miranda) (Siller and Doe, 2009) . Apical/basal spindle orientation is determined by centrosome anchoring and migration (Rebollo et al., 2007 (Rebollo et al., , 2009 Rusan and Peifer, 2007) . Proteins such as Mud are essential for spindle orientation by binding to PINS and to microtubules therefore linking cortical polarity proteins to the mitotic spindle (Bowman et al., 2006; Izumi et al., 2006; Siller et al., 2006) .
We used the expression of two independent D. melanogaster htt (dHtt) dsRNA under the control of the inscuteable-Gal4 (insc) driver, which expresses Gal4 expression in neuroblasts (hereafter referred to as dHttRNAi(1) or dHttRNAi(2)) ( Figures  8A-8C) . We analyzed the effects of reducing htt on neuroblast spindle orientation by immunostaining for Miranda and Centrosomin in third instar larval brains. In insc-Gal4 neuroblasts, Miranda was distributed at the basal cortex forming a crescent at metaphase, the spindle bisecting the Miranda crescent (Figure 8A ). In dHttRNAi(1) and dHttRNAi(2) neuroblasts, Miranda was still located at the basal cortical crescent at metaphase. However, the mitotic spindle failed to bisect the Miranda crescent in these cells. We quantified this defect by measuring the angle between a line connecting the two centrosomes and a line bisecting the Miranda crescent in metaphase neuroblasts ( Figures 8B and 8C ). As observed in mud 2 mutant neuroblasts ( Figures 8A and 8C ), decreased levels of htt in neuroblasts led to an increase in the percentage of neuroblasts that display abnormally positioned spindles with angles higher than 15 (25%, n = 40; 16%, n = 44 for dHttRNAi(1) and dHttRNAi(2), respectively, and 0%, n = 54 for insc-Gal4).
To ensure that the phenotype observed in dHttRNAi(1) and dHttRNAi(2) neuroblasts is due to the specific loss of htt and does not reflect off-target effects, we investigated spindle orientation in neuroblasts of a recently generated Drosophila htt knock-out model (Zhang et al., 2009) (Figures 8D and 8E) . In wild-type w 1118 animals, the measured angle was in majority less than 15 (89%, n = 56). However in the dhtt-ko mutant flies, spindles showed more oblique orientations with only 57% of spindles with measured angles of 15 or less (n = 40). Also, the spindle length was decreased in dhtt-ko dividing neuroblasts compared with w 1118 and mud 2 neuroblasts ( Figures 8F and 8G ). This agrees with our observations in mammalian neuronal cells ( Figures 3A and 3B) .
Given the spindle orientation defect in metaphase neuroblasts depleted for htt, we analyzed the positioning of Miranda during telophase. We did not observe a missegregation of Miranda in dhtt-ko flies (data not shown). We next investigated whether depleting htt affected the number of neuroblasts. For this, we immunostained larval brains with neuronal (Elav) and neuroblast (Miranda) markers ( Figure 8H ). As expected, mud 2 mutants showed excess neuroblasts in the posterior half of the larval brain hemisphere and an increased brain size (Bowman et al., 2006; Peng et al., 2000) , while the number of neuroblasts in this region was similar in the dhtt-ko and control flies ( Figures  8H and 8I) . We propose that dhtt-ko neuroblasts divide asymmetrically by repositioning the spindle during telophase. A similar correcting phenomenon was previously described for other mutants (Bowman et al., 2006; Peng et al., 2000) . We also tested whether Drosophila htt could rescue the spindle orientation defect in mammalian htt-depleted cells. We expressed a construct encoding the N-terminal 620 amino acid fragment of the Drosophila htt protein in mouse cells treated with scramble or si-htt1 RNA ( Figure 8J ). Expression of Drosophila htt significantly rescued spindle misorientation defects in htt-depleted mammalian cells but had no effect in control cells ( Figure 8K ). Overall, our data demonstrate that htt controls spindle orientation in Drosophila and that this function is evolutionarily conserved.
DISCUSSION
Huntingtin as a Scaffold Protein for the Dynein/Dynactin Complex in Dividing Cells
Previous studies have established a role for htt in the regulation of molecular motors. Htt forms a complex with dynein and dynactin in neurons (Caviston et al., 2007; Gauthier et al., 2004; Goehler et al., 2004; Li et al., 1998) . Htt is required for efficient axonal transport, with decrease in htt levels leading to a reduced microtubule-dependent transport of vesicles (Caviston et al., 2007; Gauthier et al., 2004) . The role of htt in the control of the dynein/dynactin complex could extend beyond a role in axonal transport as suggested by the fact that proper organization of the Golgi apparatus requires htt (Caviston et al., 2007; Strehlow et al., 2007) . We now show that impairing the function of htt or dynactin results in similar phenotypes during mitosis.
While the dynein/dynactin complex is required for the assembly of spindle, it is also essential at the cell cortex to exert pulling forces on astral microtubules (Busson et al., 1998; Carminati and Stearns, 1997; Farkasovsky and Kuntzel, 2001; Nguyen-Ngoc et al., 2007; O'Connell and Wang, 2000; Skop and White, 1998) . The exact mechanisms by which dynein/dynactin complexes are delivered to the cell cortex are not completely understood, but the location of dynein/dynactin at the astral microtubules plus ends involves at least the Bik1p/CLIP-170 and Pac1p/NudF/Lis1 proteins (Coquelle et al., 2002; Faulkner et al., 2000; Lee et al., 2003; Sheeman et al., 2003) . Consistent with previous studies showing a reduction in dynein/dynactindependent transport in the absence of htt (Caviston et al., 2007; Colin et al., 2008; Gauthier et al., 2004) , our data suggest that the microtubule-dependent transport of the dynein/dynactin complex to the spindle is also reduced in htt-depleted cells. Therefore, it is tempting to speculate that htt could participate to the distribution of this complex at the cell cortex.
One attractive hypothesis is that htt functions as a scaffold molecule that orchestrates the assembly of the dynein/dynactin complex for distinct cellular functions (Caviston et al., 2007 ; All graphs ns: not significant, *p < 0.05, **p < 0.01, and ***p < 0.001. Error bars, SEM. Gauthier et al., 2004) . During cell division, this could extend to a complex also containing NuMA (the D. melanogaster Mud and C. elegans LIN-5 homolog) (Radulescu and Cleveland, 2010) . Indeed, NuMA was reported to interact with htt by yeast two-hybrid screening (Kaltenbach et al., 2007) and its localization is modified in the absence of htt. In mammalian cells, NuMA by assembling with dynein/dynactin is essential for the organization of microtubules at the spindle pole (Fant et al., 2004; Merdes et al., 1996) . Furthermore, NuMA and the Goloco-containing protein LGN form a complex that regulates the interaction of astral microtubules with the cell cortex (Du and Macara, 2004) .
Huntingtin, an Evolutionary Conserved Protein that Regulates Spindle Orientation
The precise spindle orientation is crucial for neuroepithelial stem cell proliferation (NESC). This mechanism is tightly regulated by proteins such as Lis1 (Yingling et al., 2008) . In utero electroporation was performed at E14.5, and we observed the same phenotype in spindle orientation in acute and genetic depletion conditions. Thus, we can exclude that the phenotypes analyzed in mouse primarily derived from a defect during NESC divisions. However, htt could also participate to spindle orientation in NESC and therefore regulate neuronal development.
Although we show in this study that the function of htt in spindle orientation is conserved between flies and mammals, the phenotypes of flies and mice deleted for htt are different as Hdh À/À mice die during early embryogenesis (Duyao et al., 1995; Nasir et al., 1995; Zeitlin et al., 1995) , whereas dhtt-ko flies show no obvious developmental defects (Zhang et al., 2009) . As proposed by Zhang and colleagues (Zhang et al., 2009) , this discrepancy might be due to intrinsic differences between mouse and fly embryogenesis as early lethality in mouse is likely to result from the absence of htt in extraembryonic tissues (Dragatsis et al., 1998) . In agreement with this hypothesis is the observation that mice deleted for htt in adult stages show neurodegeneration (Dragatsis et al., 2000) and, dhtt-ko adult flies show a compromised mobility and reduced viability (Zhang et al., 2009) . Moreover, as in mouse models, absence of htt in fly increases the vulnerability to the presence of mutant htt Zhang et al., 2009) suggesting that crucial functions are conserved between fly and mouse htt. Asymmetric cell division is a key cellular event generating cell diversity. It is tightly regulated through proper spindle orientation and segregation of cue determinants. Most of our understanding of the mechanisms that control spindle orientation is based on studies of D. melanogaster, C. elegans, and mice (Gonczy, 2008; Knoblich, 2008; Siller and Doe, 2009 ). Many of the proteins involved in spindle orientation and symmetric/ asymmetric divisions are conserved in these species, including those that regulate cell polarity, cell fate, and spindle alignment. For example, LIN-5 in worms, Mud in Drosophila, and NuMA in mammals use similar mechanisms to regulate spindle assembly (Bowman et al., 2006; Knoblich, 2008) . We demonstrate here that htt is a key regulator of spindle orientation in mammals and in flies. Is the role of htt in the regulation of the dynein/ dynactin complex also conserved in C. elegans? A putative C. elegans ortholog of htt was recently identified (Palidwor et al., 2009 ). However, mammalian and worm htt sequences show only a low degree of similarity and there are no functional data available for worm htt demonstrating such a conserved function.
Role of Huntingtin in Determining Cell Fate
A direct link between the regulation of spindle orientation during neural progenitors division and the fate of the daughter cells is still under debate. Several proteins involved in spindle orientation control the subsequent generation and distribution of neurons in the brain. Lfc, a Rho-specific guanine nucleotide exchange factor, and its negative regulator Tctex-1 control the genesis of neurons from cortical precursor cells by regulating mitotic spindle orientation (Gauthier-Fisher et al., 2009; Marzesco et al., 2009) . One study has also found that adenomatous polyposis coli APC is essential for the maintenance of radial glial polarity and the correct generation and migration of cortical neurons in mouse (Yokota et al., 2009 ). This could be linked to its function in spindle pole orientation. Indeed, APC localizes to kinetochores, spindles, and centrosomes and acts downstream of Akt in Drosophila to ensure correct chromosome segregation and mitotic spindle orientation (Buttrick et al., 2008) . Studies on Nde1 have suggested a link between spindle orientation and the proper construction of mouse brain (Feng and Walsh, 2004) . Nde1 is a lissencephaly gene 1 LIS1-interacting protein. Ablation of Nde1 in mice causes a small cerebral cortex resulting from mitotic defects and altered neuronal cell fate. Finally, Gbg subunits of heterotrimeric G proteins and AGS3, a nonreceptor activator of Gbg, regulate spindle orientation in cortical progenitor cells; impairing this signaling enhances neuronal differentiation (Sanada and Tsai, 2005) . In contrast, ablating LGN results in randomized spindle orientation of mouse cortical apical progenitors with little effect on neurogenesis (Konno et al., 2008) . As shown in the study by Konno et al. and in our study, most of all cleavages of ventricular zone progenitors are vertical. However, vertical cleavages can result in either symmetric or asymmetric cell division. We show that removing htt changes the nature of the division cleavages, decreases the pool of cycling progenitors and increases neuronal differentiation. A crucial determining factor of symmetric versus asymmetric divisions is the distribution of the polarity and adhesion membrane proteins of the apical complex (Konno et al., 2008; Kosodo et al., 2004; Marthiens and ffrenchConstant, 2009; Yingling et al., 2008) . Further studies are required to establish whether htt plays a role in such distribution between daughter cells.
Htt is widely expressed in the early developing embryo where it plays an essential role in several processes including cell differentiation and neuronal survival. Inactivation of the mouse gene results in developmental retardation and embryonic lethality at E7.5 (Duyao et al., 1995; Nasir et al., 1995; Zeitlin et al., 1995) . Null homozygous embryos display abnormal gastrulation associated with increased apoptosis. Additionally, htt is essential for the early patterning of the embryo during the formation of the anterior region of the primitive streak (Woda et al., 2005) . Finally, specific inactivation of htt in Wnt1 cell lineages leads to congenital hydrocephalus in mice further establishing a role for htt in brain development (Dietrich et al., 2009) . Our data specifically show that htt is involved in neurogenesis. We observed similar phenotype when decreasing htt levels by RNA interference in VZ progenitors by electroporation at E14.5, or by genetic conditional removal of htt in these progenitors at early steps of cerebral cortical neurogenesis. The altered spindle orientation lowers the pools of both apical and basal progenitors and promotes neuronal differentiation of daughter cells. This may explain previous observations showing that lowering the levels of htt in mouse results, in addition to severe anatomical brain abnormalities, in ectopic masses of differentiated neurons near the striatum (White et al., 1997) .
In conclusion, we demonstrate a function for htt protein in flies and mammals. These results not only open new lines of investigation for elucidating the pathogenic mechanisms in Huntington's disease, but also identify htt as a crucial player in spindle orientation and neurogenesis.
EXPERIMENTAL PROCEDURES
Statistical Analyses Statview 4.5 software (SAS Institute Inc., Cary, NC) was used for statistical analysis. Data are expressed as mean ± SEM. Complete statistical analyses may be found in Supplemental Information.
Cell Lines and Transfection
Mouse neuronal cells and HeLa cells stably expressing GFP-tubulin and H2B-mCherry were cultured as previously described (Steigemann et al., 2009; Trettel et al., 2000) . See Supplemental Information for culture and transfection details.
Videomicroscopy Experiments and Analyses
Videomicroscopy was performed 48 hr after electroporation. Images were collected in phase contrast using a coolSnap HQ camera (Ropper Scientific) every min during 20 hr (33 C, 5% CO 2 ). For determination of misorientation percentage, films were visualized with Metamorph, and dividing cells were classified into two groups: well-oriented or misoriented and numbered using a special plug-in. To quantify microtubule polymerization velocity, mouse neuronal cells were grown on glass coverslips and mounted in a Ludin's chamber. The microscope and the chamber were kept at 33 C. Images with a Z-step of 0.3 mm were acquired with a X100 PlanApo N.A. 1.4 oil immersion objective coupled to a piezo device (PI). Images were collected in stream mode using a Micromax camera (Ropper Scientific) set at 2 3 2 binning with an exposure time of 150 ms (frequency of one stack/s). All stacks were treated by automatic batch deconvolution using the PSF of the optical system. Projections, animations, and analyses were generated using ImageJ software. Dynamics were characterized by tracking positions of EB3 comets in cells as a function of time with a special plug-in (F.P. Cordeliè res, IC, http://rsb.info.nih.gov/ij/plugins/track/ track.html).
To quantify mitosis duration and spindle oscillation during mitosis, images of HeLa stably expressing GFP-tubulin and H2B-mCherry were collected every minute during 2 hr with xyzt acquisition mode using a Leica SP5 laser scanning confocal microscope equipped with a 340 oil-immersion objective. Analysis was done using ImageJ. Dividing cells were resliced at the z axis. To quantify the duration from the beginning of the prophase until the beginning of anaphase, the number of frames between chromatin condensation and chromosome separation (1 frame = 1 min) were scored. To quantify spindle oscillation, the angle formed between the substratum plane and the virtual line passing through spindle poles was measured. Spindle oscillation analysis was performed during the 15 min previous to anaphase.
Cell Cycle Analysis
Mouse neuronal cells were electroporated with scramble, si-htt1, and si-p150
Glued RNAs. After 48 hr, cells were fixed in cold methanol at À20 C for 5 min, washed in PBS, stained with anti-g-tubulin antibody and counterstained with DAPI. Cells were qualitatively assessed and binned into five categories: prophase, prometaphase, metaphase, anaphase, and telophase.
In Utero Electroporation
In utero electroporation was performed as described previously (Nguyen et al., 2006) with minor modifications. See Supplemental Information for details.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Experimental Procedures, complete statistical analyses, four figures, and one movie and can be found online at doi:10.1016/j.neuron.2010.06.027.
